In metazoan cells, the heterochromatin is generally localized at the nuclear periphery, whereas active genes are preferentially found in the nuclear interior. In the present paper, we review current evidence showing that components of the nuclear lamina interact directly with heterochromatin, which implicates the nuclear lamina in a mechanism of specific gene retention at the nuclear periphery and release to the nuclear interior upon gene activation. We also discuss recent data showing that mutations in lamin proteins affect gene positioning and expression, providing a potential mechanism for how these mutations lead to tissue-specific diseases.
Currently, there is no good way to predict the disease phenotypes based on the specific position of the mutation [8] . Hence, a detailed study of pathogenic lamin mutations in model systems is necessary to understand the human disease. By mutating the homologous residues in C. elegans lamin, it was shown that these mutations have various effects on the assembly of lamin into filaments [5, 9] . The resulting phenotypes in nematodes expressing these mutant lamins include various degrees of lamin aggregation, nuclear aberrations and the mislocalization of lamin-binding proteins [9] . Such disruptions to the structure and character of the nuclear lamina would be expected to affect all components of the nuclear lamina, including those that bind chromatin and regulate gene expression.
Global positioning of heterochromatin and genes
Electron microscopy studies have shown that both constitutive and facultative heterochromatin types are preferentially positioned either at the nuclear periphery or attached to the nucleolus [10] [11] [12] . In contrast, active chromatin is frequently associated with NPCs in yeast and with the nuclear interior in metazoans [13] [14] [15] [16] . This global architecture is dynamic during the cell cycle, differentiation and development [17] . For example, chromatin is extensively remodelled in mouse embryos between the one-cell to early post-implantation stages [17, 18] . Studies in both invertebrates and vertebrates have shown that each chromosome arm occupies its own domain in the nucleus, which was also termed a CT (chromosome territory) (reviewed recently in [17] ). However, chromosomes can have different positions in different cells even within the same tissue.
Chromosome painting was used to show that genepoor chromosomes are located more peripherally in the nucleus. FISH (fluorescence in situ hybridization) of specific genes showed that non-coding late-replicating regions are preferentially localized at the nuclear periphery [19] [20] [21] [22] . The [23] ). Overall, although the nuclear envelope is still thought of as a generally repressive environment, a change in nuclear positioning does not always drive a change in gene expression, neither does a change in gene expression always drive a change in nuclear positioning. At first glance, these individual studies may appear contradictory to hypotheses about the role of CTs and nuclear organization in the regulation of gene expression. However, these results can be unified with the idea that it is not nuclear positioning that affects gene expression; rather, specific interactions with other nuclear components are also involved. One recent example of how an exception may prove the rule comes from Yao et al. [24] , who hypothesized that differences in the correlation between nuclear periphery association and gene expression may be explained by the transcription factors associated with a certain gene: depending on gene location, these factors may have "differential access". To this end, they discovered that core promoter factors were differentially associated with the promoters of the myogenic genes MyoD and MYOG (myogenin). The fact that different core transcription components can be specifically located to the nuclear periphery rather than the nuclear interior supports the hypothesis that it is not absolute nuclear localization that drives gene expression, but the higher-order complex of protein interactions with which the chromatin is associated.
Complex interactions between the lamina and chromatin
Many components of the nuclear lamina are directly linked to chromatin via interactions with DNA, transcription factors, histones and histone-modifying enzymes. Together, these interactions form a network of protein and DNA, with lamin serving as the structural scaffold upon which the complex is built [25, 26] .
The family of proteins residing at the nuclear envelope are key components in the interaction between chromatin and the lamina. In particular, proteins containing the conserved LEM [LAP2 (lamina-associated polypeptide 2)-emerin-MAN] domain, which have been a particular focus of study, bind directly to lamin, DNA and the chromatin protein BAF (barrier to autointegration factor), [27] [28] [29] [30] [31] [32] [33] . Thus the BAF-LEM domain interaction may serve as a bridge between lamin and both DNA and protein elements of chromatin. In humans, four transmembrane LEM domain proteins have been identified in the nuclear lamina: emerin, MAN1, LEM2 and several LAP2 isoforms [34] . Subsequent studies also showed that many of these LEM domain proteins also interact directly with DNA (emerin, LAP2β and LEM2/MAN1) and/or histones (emerin) [35] [36] [37] . Determining the sequence specificity of these interactions and how they regulate gene positioning and/or silencing is a major topic for future studies.
In addition to the link between the nuclear lamina and chromatin via BAF, a growing number of other DNAbinding elements have also been shown to interact with the nuclear lamina, as outlined in Table 1 . Emerin interacts with many transcription factors, including β-catenin, GCL (germ cell-less), Lmo7 (LIM domain 7) and Btf (Bcl-2-associated transcription factor), and the transcriptional regulators Rb (retinoblastoma) and the NCoR (nuclear corepressor) complex [37, 38] . LEM2 and MAN1 both also bind GCL; MAN1 binds the Smad proteins, regulators of the TGFβ (transforming growth factor β) signalling pathway [39] [40] [41] . LAP2α is a LAP2 isoform that is not an integral membrane protein, but associates with lamin and has been shown to bind Rb [42] . LAP2β binds the replication regulator HA95 (homologous with A-kinaseanchoring protein of 95 kDa), the transcription factor GCL and recruits HDAC3 (histone deacetylase 3) to histones [43] . LBR (lamin-binding receptor) is not a LEM domain protein, but it interacts with lamin, the heterochromatin-associated protein HP1 (heterochromatin protein 1), HA95, the H3/H4 histone tetramer and DNA [44, 45] . Lamin itself has been shown to bind both DNA and histones directly, as well as to BAF, the transcription factors c-Fos, Oct-1, SREBP1 (sterolregulatory-element-binding protein 1) and MOK2 and the regulatory proteins Rb, cyclin D3, PCNA (proliferatingcell nuclear antigen) and SKIP (skeletal muscle-and kidneyenriched inositol phosphatase), part of the Notch signalling pathway (reviewed in [2, 13, 35, 46] ). Finally, a recent study in C. elegans revealed the genome-wide associations between different genes and chromosome regions with LEM2; in particular, autosome arms were preferentially associated with LEM2 in chromatin immunoprecipitation experiments [47, 48] .
Together, these studies reveal that the localization of heterochromatin at the nuclear periphery seen by electron microscopy is not a passive coincidental 'sharing of space,' but that a direct connection exists to link heterochromatin to the nuclear lamina. The growing list of links between DNA and the nuclear lamina emphasizes the complexity of the possible ways in which the lamina could be involved in chromatin organization and gene expression. Regulation may occur via signalling pathways, epigenetic control and physical sequestration of genes at the nuclear envelope. The combinatorial potential of interactions involving BAF, LEM domain proteins, lamin, DNA-binding elements and chromatin could provide the necessary regulation needed to ensure proper positioning of genes at any given time during the cell cycle, differentiation and development. In fact, recent data suggests that at least one laminopathic mutation in C. elegans that alters in vitro filament formation also affects the ability of emerin to bind to mutant lamin filaments, which prevents proper localization to the nuclear envelope. In addition, mutant lamin aggregation in vivo affects LEM2 localization [48a] . The disruption of these lamina complexes by a single lamin mutation is probably sufficient to cause severe muscle phenotypes in these mutant animals. Since both emerin and LEM2 are involved in muscle development and/or maintenance, these data provide one example of how a lamin mutation can have tissue-specific phenotypes and highlight the importance of lamin in maintaining the integrity of the nuclear lamina for normal function. The mechanism by which the altered lamina structure leads to muscle-specific disease is a major challenge for future investigations. In particular, it will be important to determine which muscle-specific genes are affected by such lamin mutations.
Experimental tools to study interactions between chromosome loci and the nuclear periphery
Several important tools have already been used to investigate the role of lamina components on gene positioning and expression. Chromosome conformation capture techniques have mapped DNA-DNA interactions both in cis and in trans, and new advances in live-cell imaging and super-resolution microscopy allow a more detailed picture of nuclear architecture (reviewed in [17] ). Using this technology in the background of different mutants or knockouts of lamina components could reveal the role of the lamina in maintaining the overall structure of the genome.
DamID (DNA adenine methyltransferase identification) techniques have identified individual genes or chromatin regions that associate with the nuclear lamina. By fusing lamin or emerin with the bacterial DAM (DNA adenine methyltransferase), DNA that is more frequently associated with these proteins contains higher methylation levels compared with DNA that is less frequently associated with them [49] . By performing genome-wide microarrays based on the methylation state of DNA, it has been revealed that, in Drosophila, human fibroblasts and mouse embryonic stem cells, transcriptionally silent genes lacking active epigenetic marks are predominately associated with the nuclear lamina [50] [51] [52] . In Drosophila, induction of expression or association with active histone marks releases genes from the nuclear lamina [50] . Furthermore, these regions of low expression extend over large regions of the genome (50 kb-10 Mb), contain multiple genes and promoter regions and are physically defined by known insulator elements such as CpG islands, CTCF sites and the protein SU(HW) [51, 53] . These data strongly support the conclusion that the nuclear lamina provides a repressive environment.
Although DamID is an important tool to identify genes associated with the nuclear lamina, it does not allow the study of a specific locus or gene in the organism over time, such as during development, differentiation or cellcycle progression. FISH experiments allow the localization of specific loci, but also cannot be performed in live conditions. Tethering techniques to artificially 'hold' a reporter gene at the nuclear periphery and monitor the subsequent effect on gene expression can overcome these limitations. Most of these studies have been performed with a lacI/lacO-based system, in which a component of the nuclear lamina is tagged with the lacI protein, which in turn recognizes and binds to the lacO sequence found flanking an exogenous reporter gene or integrated into an endogenous locus. Intriguingly, these studies add to the complex story of gene positioning and activity: not all reporter genes tethered to the nuclear periphery are silenced, and not all become activated upon release [54] [55] [56] . Again, these data support the hypothesis that other interactions are involved in silencing and activation, which may not be properly recapitulated during artificial tethering.
In order to monitor the location of a specific locus during its normal movement throughout development, a GFP (green fluorescent protein)-lacI/lacO array-based system has been recently developed in C. elegans to monitor gene positioning and expression during development and differentiation [57] . The muscle-specific myo-3 promoter array is inactive in the nematode embryo, where it is located at the nuclear periphery and is associated with the silent heterochromatic markers H3K9 and H3K27 trimethylation. Upon muscle differentiation and myo-3 promoter activation, the array is released from the nuclear periphery and becomes internally localized. Ectopic expression of HLH-1 (helix-loop-helix 1) in embryos induces muscle differentiation and myo-3 promoter activation and internalization. Similarly, activation of the gut promoter pha-4 causes internalization of a pha-4 promoter array only in gut cells [57] . These data not only suggest an important role for subnuclear positioning in regulating gene activation during development, but also establish an important genetic tool for monitoring the effects of specific nuclear envelope components on gene positioning and expression.
C. elegans is arising as a powerful model organism for the study of the nuclear lamina. Importantly, a global transcriptional annotation platform (modENCODE) allows large-scale and high-throughput analysis of comprehensive gene expression data in C. elegans, including information on alternative splicing, non-coding RNAs and DNAprotein interactions [58] . Mining this database may uncover important dynamic relationships between chromatin and components of the nuclear lamina.
Future directions and concluding remarks
Future studies will investigate the mechanism of gene positioning during development by asking how specific genes are positioned in the nucleus in a tissue-and timedependent manner during development and differentiation. Evidence suggests that there is a stochastic element in the association of specific genes with the nuclear periphery and that not every gene found to be associated with the nuclear periphery is localized to the nuclear envelope in every cell type and at every time point [50] [51] [52] 59 ]. However, for lamin mutations to have the observed tissue-specific effects, we hypothesize that there must be underlying regulatory mechanisms to control nuclear envelope association [59] . If this is the case, many exciting questions remain that can drive future research. For example, what lamina components are responsible for controlling the acquisition and release of genes at the proper time to allow their expression? Are different protein complexes within the lamina responsible for controlling a different subset of genes within the same nucleus or within a tissue? How do the different laminopathic mutations affect these complexes in order to alter gene expression? What chromatin components are responsible for 'marking' genes for proper association with and release from the lamina?
